Background
Introduction
Microalgae, configured as photobioreactors (PBRs), have attracted considerable attention as the basis of combined biological method for removal of nutrients (nitrogen N and phosphorus P) from wastewaters and CO 2 fixation from flue gases. 1 The microalgae Chlorella vulgaris has been extensively studied for CO 2 mitigation under a range of operating conditions, including gas CO 2 concentration, 2-6 light intensity 7, 8 and temperature. 8, 9 Nutrient removal using microalgae has been studied since the mid-1970s. 10 PBRs offer a more sustainable alternative to the established biological nutrient removal (BNR) process, which demands energy for aeration and the pumping of sludge between various tanks in the treatment scheme, as well as supplementary chemical dosing with coagulants to obtain the required P removal. 11 However, whilst offering a potentially sustainable solution for combined nutrient and CO 2 abatement, the process footprint can be up to two orders of magnitude greater than Accepted Article that of the BNR process. 1 Optimization of the process, so as to enhance the CO 2 fixation (and so biomass growth) and nutrient assimilation, is thus critical.
Reported figures for the biomass-normalised CO 2 fixation rate, R c ' (Table 1) 14 . Further increases in I may then inhibit and diminish R c and µ. 15 In the case of nutrient removal, a wide range of removals and biomass productivity (P X ) values for C. vulgaris have been reported (Table 2) . PBR performance again increases with HRT and biomass concentration X, due to the limited nutrient uptake rate of the biomass, but is also pH-sensitive. 16 A maximum uptake rate of 4-5 mg L -1 d -1 N and 0.4-0.6 mg L -1 d -1 P has been reported for both a classical stirred tank PBR and a membrane PBR operating at a 2-5 d
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HRT. 17 Nutrient removal for continuous processes of 2-3d HRT are generally below 85% for both N and P, compared to 75-88% N and 80-99% P for the BNR process 1 . This reduced robustness compared with BNR arises primarily from the combined impact of the lower X max (generally <1.5 g/L, cf. >3 gL -1 for BNR) and slower algal biokinetics. An alternative to the classical factorial-based approach is the use of statistical experimental design to reduce the number of tests, and identify synergistic relationships and optimum conditions. This includes Box Behnken Design (BBD) which, while developed in the early 1960s 18 , has only recently been employed for algal bioreactor optimisation, 19 in particular relating to lipid or biofuel generation. 20, 21 BBD permits a significant reduction in the number of experiments whilst still enabling synergies between the different parameters to be identified along with the optimum set of conditions. 22 It therefore provides an elegant and efficient approach for elucidating inter-relationships for complex, multi-parameter systems, such as PBRs.
Given the practical significance and potential economic benefit of combined nutrient abatement and CO 2 fixation, 1 it is of obvious interest to evaluate this specific application more extensively. The current study appraises the influence of the most important process variables of influent gas CO 2 concentration, light intensity and temperature, along with feed This article is protected by copyright. All rights reserved.
water N, P and TC, on the key performance determinants of biomass accumulation, CO 2 fixation rate, and nutrient removal. The study uniquely both (a) employs Box Behnken statistical experimental design to identify the optimum condition, and (b) combines nutrient abatement from wastewater with CO 2 fixation, potentially from flue gases, in a single practical experimental study. The use of BBD for this dual function enables the optimum conditions to be identified.
Material and Methods

Algae preparation and determination
The Chlorella vulgaris algal strain (CCAP 211/11B, CS-42) used was as described previously. 23 
Experimental design and regression analysis
Box Behnken Design (BBD) was employed to optimize the process based on algal growth, This article is protected by copyright. All rights reserved.
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BBD experimental design employs a matrix of tests based on a number of parameters, in this case three. The impact of each parameter is evaluated by selecting three or more values (or "levels") of these parameters and then conducting tests which encompass every combination of each parameter value. The results of the experiments in terms of the impacting (or "response") parameters can then be evaluated through a statistical model. 22 Two such multilevel, three-parameter BBD matrices were created to examine the synergistic relationships between these sets of three parameters within specific limits (Table 3) . A total of 15 experimental runs, randomly sequenced in duplicate to reduce the effect of the temporalrelated errors, were conducted to determine the 10 coefficients of the second order polynomial generated from the statistical model. 24 JMP statistical discovery software (SAS v11.2.1) was used to complete the regression analysis and generate the graphical relationships. The variability of the factors was expressed as coefficient of determination (R 2 ) values. The model equation was then used to identify the interaction between the variables within the specified experimental boundary conditions. Subsequent optimization to identify the conditions for maximising µ, R C and nutrient removal was through maximising the desirability function using Derringer's desired function (DDF) methodology.
25 Table 3 3 Results and discussion
Scoping trials: Growth as a function of CO 2 concentration
The specific growth rate µ at a fixed T of 24°C and I of 200 µE over a 10-day cultivation period increased from 0.64
at the higher C c,g (Fig.1 a-c) .
Increasing C c,g further to 22% resulted in a decreased growth rate (µ = 0.097
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The reduced biomass production at the high C c,g of 22% is likely to be due to the inhibitive impact of the associated low pH on growth and CO 2 mass transfer, the latter pertaining to the relatively slow rate of hydrolysis of CO 2 Table 2 ) have demonstrated that the ratio is crucial for effective nutrient
removal. An optimum value of 8 has been reported 31 -within the range of 7-10 found for the current study (Fig. 3 ) associated with a maximum specific growth rate of 1.04 d -1 .
Fig. 2
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Multiple regression analysis and analysis of variance
The multiple regression analysis conducted to determine the relationships between the three response parameters of R C , N and P RE, and μ with respect to C c,g , I and T generated the following second-order polynomial equations from the BBD matrix of experimentallymeasured data (Table 4) : Accepted Article the level of photosynthesis-active radiation decreases to low levels which significantly reduce photosynthesis activity, as reflected in the CO 2 fixation rates.
Generally, growth and metabolic rates are enhanced by increasing the temperature until an optimum value is reached for a species; further temperature increases may then reduce cell growth through cell damage or death. 34 For the current study the temperature range of 20-30°C selected was insufficiently broad to generate a significant change in R c through either microbial or gas solubility impacts. The results recorded were nonetheless consistent with those previously reported, 35 and were reflected in the related parameter μ which demonstrated similar trends ( Fig. 5 c & d) .
TN RE followed a similar trend of increasing removal with increasing C c,g and decreasing I
over the ranges studied (Fig. 6 a & b) , with ~100% removal attained at a relatively low irradiance (50-200 μE) and 3-5% C c,g . TP trends indicated a flatter response with irradiation at the maximum C c,g of 5% (Fig. 6 c & d) . TN uptake appears to be reduced at low CO 2 concentrations 36 . Conversely, high CO 2 concentrations activate N reductase, enhancing N assimilation 2 as well as increasing the HCO 3 -concentration through reaction of CO 2 with protons generated from N and P uptake by microalgae cells. 37 This then maintains a neutral pH value, providing more favourable conditions for algal growth.
Figs. 5-6
TP was 100% removed at all irradiance levels studies at the highest C c,g of 5%, only demonstrating irradiance dependency at lower C c,g levels. Light stress associated with high light intensities arises, when the energy imparted cannot be dissipated as fluorescence and heat, can impair photosynthesis, 38 potentially breaching the light saturation limit of the alga and negatively impacting on P removed. Consumption of TP was accompanied by photosynthesis uptake of dissolved inorganic carbon. However, P removal is impacted more This article is protected by copyright. All rights reserved.
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than N removal by pH via abiotic precipitation, though assimilation by algae remains the primary P removal mechanism. 39 P removal close to 100% has been previously reported 40 .
According to the BBD results, the optimal conditions for maximizing R c , μ, and the TN and TP removal efficiencies based on DDF methodology were found to be at C c,g = 5%, I = 100 µE m -2 s -1 and T = 22 ºC. Under these conditions, the predicted R c , μ and TN, TP removal efficiencies were found to be 1000 mg L -1 d -1 , 1.53 d -1 and 100% RE for both N and P respectively. Table 5 4
Conclusions
The response of Chlorella vulgaris (Cv) to different levels of feed gas CO 2 concentration
light irradiation (I), Temperature (T), and aqueous nutrient concentrations (TN and TP)
has been assessed. Response parameters comprised the specific growth rate μ, the CO 2 uptake rate R c and nutrient removal efficiency (RE N and P). This article is protected by copyright. All rights reserved.
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Behnken design (BBD) and response surface method (RSM) to discern the nature of the synergies between operating parameters and concentrations of aqueous nutrient and CO 2 gas concentration.
The analysis revealed a synergy between C c,g and I for both R c and µ, temperature having no significant effect. To achieve maximum CO 2 fixation rate with complete nutrient removal (N and P) and obtain a maximum μ of 1. Normalised initial nutrient concentration
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Accepted Article Tables Captures   Table 1 : Reported CO 2 fixation rates for various algae species, batch systems unless otherwise stated. Table 2 : Variation of the TP and TN removal efficiencies with the optimum N/P ratio. This article is protected by copyright. All rights reserved.
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